Synthetic agonists of Toll-like receptor 9 (TLR9), a class of agents that induce specific immune response, exhibit antitumor activity and are currently being investigated in cancer patients. Intriguingly, their mechanisms of action on tumor growth and angiogenesis are still incompletely understood. We recently discovered that a synthetic agonist of TLR9, immune modulatory oligonucleotide (IMO), acts by impairing epidermal growth factor receptor (EGFR) signaling and potently synergizes with anti-EGFR antibody cetuximab in GEO human colon cancer xenografts, whereas it is ineffective in VEGF-overexpressing cetuximab-resistant GEO cetuximab-resistant (GEO-CR) tumors. VEGF is activated by EGFR, and its overexpression causes resistance to EGFR inhibitors. Therefore, we used IMO and the anti-VEGF antibody bevacizumab as tools to study IMO's role on EGFR and angiogenesis and to explore its therapeutic potential in GEO, LS174T, and GEO-CR cancer xenografts. We found that IMO enhances the antibody-dependent cell-mediated cytotoxicity (ADCC) activity of cetuximab, that bevacizumab has no ADCC, and IMO is unable to enhance it. Nevertheless, the IMO-plus-bevacizumab combination synergistically inhibits the growth of GEO and LS174T as well as of GEO-CR tumors, preceded by inhibition of signaling protein expression, microvessel formation, and human, but not murine, VEGF secretion. Moreover, IMO inhibited the growth, adhesion, migration, and capillary formation of VEGF-stimulated endothelial cells. The antitumor activity was irrespective of the TLR9 expression on tumor cells. These studies demonstrate that synthetic agonists of TLR9 interfere with growth and angiogenesis also by EGFR-and ADCCindependent mechanisms affecting endothelial cell functions and provide a strong rationale to combine IMO with bevacizumab and EGFR inhibitory drugs in colon cancer patients.
A ctivation of Toll-like receptor 9 (TLR9) by DNA containing unmethylated CpG motifs, its natural ligand, produces potent Th1-type innate and adaptive immune responses (1) . TLR9-stimulated B cells and plasmacytoid dendritic cells secrete a number of Th-1-promoting cytokines and chemokines, including IL-12, IL-6, IFN-␥, Type 1 IFNs, MIP-1, and IP-10 (2-4). Agonists of TLR9 have shown antitumor activity, alone and in combination with chemotherapy and radiotherapy, and ability to enhance the antibody-dependent cell-mediated cytotoxicity (ADCC) of mAbs in a number of preclinical and early clinical trials (3, 5) .
Based on extensive structure-activity relationship studies, synthetic agonists of TLR9 containing novel DNA structures and synthetic dinucleotide motifs, referred to as immune modulatory oligonucleotides (IMOs), have been synthesized, demonstrating distinct cytokine profiles in vitro and in vivo, compared with conventional TLR9 agonists (4, 6, 7) and higher metabolic stability due to the novel DNA structure present in them (8) (9) (10) .
Previous studies have demonstrated potent antitumor activity of IMOs as monotherapies and in combination with chemotherapeutic agents and mAbs (11, 12) . Currently, a synthetic agonist of TLR9, IMO-2055 , is under clinical evaluation, in combination with chemotherapy and other agents in cancer patients.
Intriguingly, although the TLR9 immunologic mechanisms are fairly well understood, and the clinical development of TLR9 agonists is very encouraging, the mechanisms by which they affect signaling proteins involved in tumor growth and angiogenesis, thus leading to tumor growth inhibition, have yet to be elucidated.
The epidermal growth factor receptor (EGFR) plays a pivotal role in the control of cell growth, apoptosis, and angiogenesis (13) , and EGFR blockade by mAbs or small-molecule tyrosine kinase inhibitors has now entered clinical practice in patients affected by different types of cancer, including colorectal (14, 15) .
We have recently demonstrated that an IMO inhibits the expression and function of activated EGFR and of other critical downstream proteins (12) . IMO exhibited a synergistic antitumor effect with the anti-EGFR mAb cetuximab or the tyrosine kinase inhibitor gefitinib in GEO human colon cancer xenografts, whereas it was ineffective against the cetuximab-resistant tumors GEO cetuximab-resistant (GEO-CR) (12) . These findings have opened the path to clinical studies combining IMO with EGFR inhibitors in cancer patients.
We and others have previously shown that colon tumors, including GEO-CR, that acquire resistance to the anti-EGFR drugs cetuximab or gefitinib overexpress and secrete VEGF, which acts as an escape pathway, overcoming the EGFR blockade (16, 17) . Moreover, it has been shown that VEGF overexpression markedly impairs the activity of dendritic cells and the antitumor immune response (18, 19) . These studies and our demonstration of a cooperative effect of cetuximab with a selective inhibitor of VEGF (20) have provided the basis for the ongoing clinical studies combining inhibitors of EGFR and of VEGF/VEGF receptors (21, 22) . Currently, the anti-VEGF mAb bevacizumab is successfully used in combination with chemotherapy for the treatment of colorectal cancer (23) and has shown efficacy also in nonsmall-cell lung and breast cancer (24) . Interestingly, the VEGF blockade by bevacizumab recovers the activity of dendritic cells, improving their antitumor function (18, 19) . In the former study, we observed a potent inhibitory effect of IMO and cetuximab on VEGF and angiogenesis in wild-type but not in GEO-CR colon tumors, suggesting that the anti-VEGF effect is only EGFR-dependent. To address this issue, provide insight into the mechanism of action of IMO on signaling and angiogenesis, and explore the therapeutic potential of the association of IMO with a specific VEGF inhibitor, we have evaluated the effects of IMO in combination with bevacizumab on the growth, signaling, and angiogenesis of different wild-type and cetuximab-resistant colon cancer models.
Results
Bevacizumab Has No ADCC Activity, and IMO Is Unable to Affect It. To investigate the capability of bevacizumab to activate an ADCC reaction in cancer cells and the influence of IMO in a combination treatment, we performed a cytotoxic assay using the conventional target MDA-468, a human breast cancer line that expresses both EGFR and VEGF receptors. As expected, in the absence of antibodies, freshly isolated nonadherent human peripheral blood lymphocytes (PBLs) were able to kill the standard NK-target K562 cells but did not induce any detectable lysis of MDA468 cells (Fig. 1) . The same result was obtained when PBLs were incubated with IMO. Conversely, the anti-EGFR mAb cetuximab, which possesses a formerly described ADCC mechanism (25) , caused a 40% induction of MDA-468 lysis. Preincubation of PBLs with IMO potentiated up to 60% of the MDA-468 killing induced by cetuximab (Fig. 1) . On the contrary, preincubation of PBLs with IMO did not affect the inability of bevacizumab to produce the lysis of MDA-468 cells. Therefore, bevacizumab, as well as the combination of IMO and bevacizumab, has no ADCC.
Combination of Bevacizumab with IMO Synergistically Inhibits GEO
and LS174T Colon Cancer Xenografts. BALB/c nude mice xenografted with GEO and LS174T tumors were treated with IMO or bevacizumab, alone and in combination (Fig. 2) . On day 56, 8 weeks after tumor injection, all untreated mice xenografted with GEO cells reached the maximum allowed tumor size of Ϸ2 cm 3 , whereas mice treated with IMO alone exhibited 50% growth inhibition, having a size of Ϸ1 cm 3 . Treatment with bevacizumab produced a 35% inhibition, because tumors measured 1.3 cm 3 at the same time point. The combination of IMO plus bevacizumab caused a potent cooperative antitumor activity, with Ͼ95% growth inhibition (tumor size of only 0.12 cm 3 ) (Fig. 2 A) .
Similar effects were observed in LS174T xenografts. The maximum allowed size of Ϸ2 cm 3 was reached on day 35 in the untreated mice. On day 56, at the end of the experiment, mice treated with IMO or bevacizumab alone measured Ϸ1.6 and 1 cm 3 , respectively, whereas those treated with the two agents in combination showed a potent cooperative tumor growth inhibition of Ϸ95% compared with untreated animals, resulting in a Cooperative effect of IMO and bevacizumab on tumor growth of mice bearing human colon cancer xenografts. Seven days after tumor cell injection, mice were randomized (10 per group) to receive the following treatments: i.p. IMO, 1 mg/kg three times per week for 4 weeks; i.p. bevacizumab, 5 mg/kg, twice per week for 3 weeks, or the combination of these agents on days 7-11, 14 -18, and 21-25, continuing only IMO on days 28 -32. Two mice were killed at day 25 for biochemical and histochemical analyses. Student's t test was used to compare tumor sizes among different treatment groups at day 56 after GEO (A) and LS174T (B) cell injection. The results were statistically significant for IMO plus bevacizumab vs. control (two-sided P Ͻ 0.0001), vs. IMO alone (two-sided P Ͻ 0.0001), and vs. bevacizumab alone (two-sided P Ͻ 0.0001) in both experiments. Error bars indicate SD.
tumor size of 0.16 cm 3 ( Fig. 2B ). No treatment-related side effects were observed in either tumor model studied. Comparison of tumor sizes among different treatment groups, evaluated by Student's t test, was statistically significant both in GEO and LS174T tumors (Fig. 2) .
Combination of Bevacizumab with IMO Inhibits the Expression of Signaling Proteins and Angiogenesis in GEO and LS174T Xenografts and Reduces the Levels of Human VEGF (hVEGF), but Not of Murine
VEGF (mVEGF), in Mice Serum. We analyzed the effect of treatment on the expression of a variety of proteins playing a critical role in cancer cell proliferation and angiogenesis. Western blot analysis was performed on cell lysates from tumors removed at the end of the third week of treatment, on day 25. As shown in Fig. 3 A and B, IMO did not affect the total amount of MAPK and Akt but inhibited their activated forms pMAPK and pAkt and VEGF expression. Bevacizumab inhibited the same signaling proteins, although to a lesser degree compared with IMO. When the two agents were used in combination, a more potent inhibition was observed on protein expression. To confirm the effect of a combination of bevacizumab with IMO on hVEGF levels, we performed ELISA on the serum obtained from LS174T-bearing mice ( Fig. 3 C and D) . Because bevacizumab recognizes only hVEGF, as expected, it caused a reduction in the levels of circulating hVEGF in the serum. The treatment with IMO alone reduced the secreted hVEGF levels, and the combination with bevacizumab caused a more potent inhibition of circulating hVEGF levels compared with treatment with single agents (Fig. 3C ). On the contrary, neither single agent nor the combination affected mVEGF compared with untreated mice (Fig. 3D ).
Immunohistochemical analysis of LS174T tumor specimens performed during the third week of treatment revealed a moderate induction of necrosis caused by IMO treatment and, at a higher degree, by bevacizumab. The combination of the two agents caused a massive hemorrhagic necrosis (in Ͼ90% of the tumor). Furthermore, analysis of microvessels demonstrated Ϸ25% inhibition of CD34-stained host vessels in the animals treated with IMO and Ϸ40% inhibition after bevacizumab treatment compared with untreated mice. The specimen from mice treated with the two agents in combination showed an inhibition of vessels formation up to 75%.
Combination of Bevacizumab with IMO Causes Potent Antitumor
Activity in Cetuximab-Resistant GEO-CR Xenografts. We evaluated whether a cooperative effect could be obtained in cetuximabresistant GEO-CR tumors, in the absence of an ADCC effect. We have shown that IMO alone is ineffective, whereas bevacizumab markedly inhibited GEO-CR growth (Fig. 4A) . When IMO was used in combination with bevacizumab, a cooperative inhibitory effect was observed, because at the end of the experiment, tumors were still Ϸ0.15 cm 3 ( Fig. 4A) . With the exception of the mice treated with IMO alone, Student's t test demonstrated that the growth inhibition caused by each treatment, in comparison with untreated mice as well as the tumor size among different treatment groups, was statistically different (Fig. 4) .
Western Blot Analysis of GEO-CR Tumors. Western blot analysis of protein extracts from GEO-CR tumors did not reveal any substantial changes in the expression of pAkt, pMAPK, and VEGF in tumor specimens treated with IMO alone, whereas a marked inhibition was seen in those treated with bevacizumab or with the combination IMO plus bevacizumab (Fig. 4B) .
IMO Inhibits Survival, Adhesion to Matrix, Migration, and Capillary
Formation Capability in Human Endothelial Cells. To evaluate whether antiangiogenic activity of IMO could be linked also to a direct effect on human endothelial cells, we performed a cell survival assay on human umbilical vein endothelial cells (HUVEC). At doses of 1 and 5 M, IMO caused a moderated inhibition of HUVEC survival, which was increased by the addition of lipofectamine, an agent that facilitates cellular uptake of IMO (Fig. 5A) . We then analyzed the effects of IMO on HUVEC adhesion and migration by using a cell adhesion assay to matrigel and a wound-healing assay. At 1 M concentration, IMO showed a potent inhibitory activity on adhesion and migration of endothelial cells (Fig. 5 B and C) . Finally, we examined the effects of IMO on VEGF-stimulated capillary tube and network formation and observed that this process is strongly inhibited by IMO (Fig. 5D) . 
TLR9 Is Expressed in LS174T, GEO, and GEO-CR Cells but Does Not
Affect Their Growth in Vitro. We analyzed TLR9 expression in LS174T, GEO, and GEO-CR cell lines. In an earlier study, we were unable to detect TLR9 on GEO cells by using a direct Western blot assay (12) . We have now used a more recent antibody (see Materials and Methods) and assayed each sample by immunoprecipitation followed by Western blot analysis, revealing a different degree of TLR9 protein expression in all cell lines. Further, the RT-PCR assay confirmed TLR9 mRNA expression in all of the cell lines examined (Fig. 6) . We then investigated whether IMO could directly affect cell survival. Treatment of these cells with IMO at doses ranging from 0.1 to 1 M, with or without lipofectamine, did not produce any effect on cell proliferation (data not shown).
Discussion
Synthetic agonists of TLR9 are a class of compounds with antitumor activity that have entered the clinical evaluation in cancer patients in combination with chemotherapy (3). Although it is well documented that TLR9 agonists induce a potent innate and adaptive immune response and enhance the ADCC of mAbs, the mechanisms by which they affect growth signaling and angiogenesis are yet poorly understood.
We have recently hypothesized and demonstrated that a synthetic agonist of TLR9 (IMO) impairs EGFR and its downstream signaling proteins, including VEGF (12) . The combination of IMO with anti-EGFR mAb cetuximab or tyrosine kinase inhibitor gefitinib, synergistically inhibits GEO tumor growth, the expression of several critical proteins and angiogenesis. Conversely, IMO is inactive against cetuximab-resistant GEO-CR tumors, further suggesting its dependence on EGFR signaling (12) .
The EGFR pathway has a strong correlation with VEGF. In fact, EGFR can transactivate VEGF production (26, 27) and VEGF overexpression is a major escape pathway used by colon cancer, including GEO-CR tumors, to acquire resistance to EGFR antagonists (16, 21, 28, 29) . This notion was recently confirmed in colon cancer patients failing treatment with cetuximab (30) . On these bases, recently bevacizumab has been successfully used also in combination with EGFR inhibitors (22) . Interestingly, VEGF impairs dendritic cell function, a major target of TLR9 agonists, and bevacizumab can overcome such interference (18, 19) . We have previously shown that IMO fails to inhibit the growth as well as VEGF expression in GEO-CR tumors, suggesting that the interference of IMO with VEGF observed in wild-type tumors is actually an EGFR-dependent activity (12) .
Based on the above studies, in the present work, we have analyzed the role played by IMO on these signaling pathways and its therapeutic implications. In particular, we have studied whether: (i) the potent inhibitory effect obtained with IMO and cetuximab on VEGF and angiogenesis depends on or is independent of interference in the EGFR pathway; (ii) the dependence of IMO on an integral EGFR pathway may affect its combination with an anti-VEGF agent, such as bevacizumab; and (iii) the ADCC mechanism and the expression of TLR9 are necessary to obtain a cooperative effect with mAbs.
To this aim, we combined IMO with bevacizumab, taking advantage of the fact that bevacizumab targets only the tumorproduced hVEGF and does not interfere with the mVEGF. Because bevacizumab binds the ligand and not the membrane receptor, we verified whether it has any ADCC activity, and whether IMO affects it. We have shown that the basal ADCC activity of cetuximab is enhanced by IMO in an in vitro assay, thus contributing to cetuximab activity with an EGFR-independent mechanism. Conversely, bevacizumab has no ADCC activity, and IMO is unable to affect it. We have then demonstrated that the combination of bevacizumab with IMO causes a synergistic inhibition of tumor growth in human colon cancer xenografts GEO and LS174T and in the cetuximab-resistant GEO-CR, resulting in 90% of mice being tumor-free at pathologic analysis at the end of the experiment, 4 weeks after treatment withdrawal. Therefore, this combination treatment is also very effective in anti-EGFR-resistant tumors in an ADCC-independent fashion, suggesting that other mechanisms, not strictly EGFR-and ADCC-dependent, take place. In support of this notion, the two agents in combination cooperatively inhibit the expression of proteins used by tumors as escape pathways to acquire resistance to targeted therapies, such as pMAPK, pAkt, and VEGF (29) and inhibit neoangiogenesis in all three tumor types.
Analysis of the secreted VEGF in the serum of killed mice confirmed that bevacizumab, as expected, reduces the hVEGF levels, and also that the combination of IMO and bevacizumab cooperates in reducing the levels of hVEGF but not mVEGF. These results suggest that the murine-dependent immune-mediated effects of IMO enhance the activity of bevacizumab only on the human tumor cells. Interestingly, IMO and bevacizumab in combination caused a massive hemorrhagic necrosis, evaluated by pathological and immunohistochemical analysis, as early as the third week of treatment. An important mechanism of antiangiogenic therapy is the blockade of the VEGF-dependent proliferation of endothelial cells in the tumor. In an attempt to provide a clue to explain the non-EGFR-dependent cooperative antiangiogenic effects obtained with IMO and bevacizumab, we measured their activity on several functions of endothelial cells. We demonstrated that IMO inhibits proliferation, adhesion, and migration of HUVEC endothelial cells and, importantly, the VEGF-stimulated capillary tube and network formation. Therefore, it is likely that the well documented inhibitory effect of bevacizumab on vessel formation, due to VEGF inhibition, combined with the interference of IMO on critical functions of tumor endothelial cells, may finally be responsible for the cooperative effect observed. In addition, because it has been reported that colon cancer cell lines, including GEO, express VEGF receptors (31), the combined effect of IMO and bevacizumab may have a direct impact also on tumor cells. Together, these data may also help explain, at least in part, the hemorrhagic necrosis observed in the LS174T tumors.
Finally, we attempted to understand the relevance of TLR9 expression for the antitumor effects observed. Measurement of TLR9 by different techniques demonstrated the presence of mRNA and protein expression, to a different degree, in GEO, LS174T, and GEO-CR cells. Nevertheless, treatment of these cells in vitro with IMO, at different doses, with or without lipofectamine to improve cellular penetration, did not produce any effect on tumor growth or on EGFR expression. In addition, the in vivo effect of IMO with or without bevacizumab was not proportional to the degree of TLR9 expression. Therefore, the expression of TLR9 on these colon tumor cells is not directly responsible for the antitumor effects observed but is more likely related to the systemic immune responses produced by IMO.
Taken together, these studies provide insights into the mechanisms of action of synthetic agonists of TLR9. In fact, they demonstrate that, although dependent on the immune activation, IMO has a much broader range of mechanisms, involving not only the EGFR-dependent pathway but also the neoangiogenesis. These results provide a strong rationale to translate the combination with bevacizumab in the clinical practice, as a potentially powerful and rationally based therapeutic strategy. The possibility of combining IMO with inhibitors of EGFR and of VEGF creates the opportunity to take advantage of multiple chance for cooperativity, involving EGFR-and ADCCdependent and -independent mechanisms and neoangiogenesis.
Materials and Methods
Compounds. IMO, 5Ј-TCTGACRTTCT-X-TCTTRCAGTCT-5Ј (X and R are the glycerol linker and 2Ј-deoxy-7-deazaguanosine, respectively) was synthesized with phosphorothioate backbone, purified, and analyzed as described (6) (7) (8) 32) . The mAb anti-VEGF bevacizumab was kindly provided by Genentech (South San Francisco, CA).
Cell Cultures. GEO, LS174T, GEO-CR (16) colon cancer cells, and HUVEC were maintained, respectively, in McCoy's or RPMI medium 1640 supplemented with 10% heat-inactivated FBS/20 mM Hepes, pH 7.4/penicillin (100 units/ml)/streptomycin (100 g/ml)/4 mM glutamine (ICN, Irvine, CA) in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. ADCC Assay. A nonadherent fraction of human peripheral blood mononuclear cells (PBMCs) was used as effector cells. Briefly, human PBMCs were isolated by density gradient centrifugation and resuspended in RPMI medium 1640. Before the assay, the PBMCs were cultured for 1 h on plastic dishes to remove adherent cells (monocytes), and then the PBLs were incubated for 24 h in the presence or absence of IMO (5 M). The target cells (chronic erythroid leukemia K562 and breast cancer MDA468) were loaded with the fluorescence-enhancing ligand (DELFIA BATDA reagent; PerkinElmer, Wellesley, MA) and, after washing, were incubated in the presence or absence of the antibodies bevacizumab or cetuximab (10 g/ml). Target cells were mixed with effector cells at varying cell concentrations for 2 h at 37°C and centrifuged. Supernatants were added to Europium solution and the signal was measured, as described (33) .
Xenografts in Nude Mice. Five-week-old BALB/cAnNCrlBR athymic (nuϩ/nuϩ) mice (Charles River Laboratories, Milan, Italy) were maintained in accordance with the institutional guidelines of the University of Naples Animal Care Committee in accordance with the Declaration of Helsinki. Wild-type GEO, LS174T, or GEO-CR human colon cancer cells (10 7 cells per mouse) were resuspended in 200 l of Matrigel (Collaborative Biomedical Products, Bedford, MA) and injected s.c. in mice. After 7 days, tumors were detected, and groups of 10 mice were randomized to receive the following treatments: i.p. IMO, 1 mg/kg, three times per week for 4 weeks; i.p. bevacizumab, 5 mg/kg, twice per week for 3 weeks; or the combination of these agents, on days 7-11, 14-18, and 21-25, continuing only IMO on days 28-32. Tumor volume was measured by using the formula /6 ϫ larger diameter ϫ (smaller diameter) 2 , as reported (34) . Two mice were killed on day 25 for biochemical analysis.
Immunoprecipitation and Western Blot Analysis. Total cell lysates were obtained from homogenized tumor specimens removed on day 25. The protein extracts were resolved by 4-15% SDS/PAGE and probed with anti-human polyclonal Akt, monoclonal pAkt (Cell Signaling Technologies, Beverly, MA), monoclonal actin (Sigma-Aldrich, Milan, Italy), monoclonal VEGF, monoclonal pMAPK, and monoclonal MAPK (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactive proteins were visualized by enhanced chemiluminescence (Pierce, Rockford, IL), as described (16) . TLR9 protein levels were evaluated on total cell lysates by immunoprecipitation by using a monoclonal anti-TLR9 antibody (Calbiochem/EMD Biosciences, La Jolla, CA) and blotting with the same antibody, following the procedures described above.
Immunohistochemical Analysis. Immunocytochemistry was performed on formalin-fixed paraffin-embedded tissue sections (5 m) of LS174T xenografts. Sections were processed, reacted with avidin-conjugated horseradish peroxidase H complex, and stained as described (34) . New blood vessels were detected by using a mAb against the CD34 antigen (Dako, Milan, Italy) at a dilution of 1:50 and stained with a standard immunoperoxidase method (Vectastain ABC kit; Vector Laboratories, Burlingame, CA). Each slide was scanned at low power (10-100ϫ magnification), and the area with the higher number of new vessels was identified (hot spot). This region was then scanned at 250ϫ magnification (0.37 mm 2 ). The number of microvessels per field was scored by averaging five field counts of two individual tumors for each group.
ELISA. Anti-hVEGF or anti-mVEGF polyclonal antibody (R&D Systems, Minneapolis, MN), diluted at 1 g/ml in PBS, pH 7.5, was used to coat a 96-well plate, 100 l/well, overnight at 4°C. Washings, dilutions of standards (recombinant hVEGF or mVEGF), and samples (serum of killed mice), biotinylation, and mix with preformed avidin and biotinylated HRP macromolecular complex (Vectastain kit) were described (35) . The absorbance was measured at 490 nm on a microplate reader (Bio-Rad, Hercules, CA). VEGF concentrations were determined by interpolation of the standard curve by using linear regression analysis.
RT-PCR. Total RNA was extracted by using the TRIzol reagent from Invitrogen Life Technologies (Grand Island, NY) and was quantified and used to create cDNA. Amplification of TLR9 was accomplished by using primers as published (36) , and a portion of the PCR product was visualized by using ethidium bromide on an agarose gel. Human GAPDH was coamplified with TLR9 to verify the quality and expression level of the mRNA.
Cell Survival Assay. Cells were grown in 24-well plates and exposed to IMO with or without Lipofectamine 2000 (2 g/ml) from Invitrogen Life Technologies. The percentage of cell survival was determined by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to the manufacturer's instructions.
Adhesion Assay. Ninety-six-microwell bacterial culture plates were precoated with 50 l/well of serum-free medium (SFM) containing 0.1% BSA (negative control) or Matrigel (1 mg/ml in water). After 1 h, all coating solutions were removed, and HUVEC (20,000 cells per well) were plated in SFM, in the presence or absence of 1 M IMO. After incubation, cells were analyzed as described (37) .
Wound-Healing Assay. Monolayers of HUVEC were grown on gridded plastic dishes and scratched as reported (38) with or without 10 ng/ml doxorubicin or 1 M IMO (0 h), which have the same antiproliferative effect. Because doxorubicin did not interfere with cell migration, it was used as a negative control. The migration distances between the edges of the cells in the wound were photographed (10ϫ magnification) at 0 and 24 h, quantified, and compared by using Adobe Photoshop, Ver. 8.0.1 (38) .
Vascular Endothelial Cell Capillary Tube and Network Formation. Five hundred microliters of diluted Matrigel was added into a 30-mm culture dish and incubated at 37°C for 30 min. After the Matrigel was solidified, HUVEC (4 ϫ 10 5 ) in 1 ml of RPMI medium 1640 were added in each dish, in the presence or absence of 1 M IMO, incubated at 37°C, and photographed (10ϫ) at 0 and 24 h. As a positive control, Matrigel was mixed with 100 ng/ml VEGF (R&D Systems).
Statistical Analysis. Student's t test was used to evaluate the statistical significance of the results. All reported P values were two-sided. All analyses were performed with the BMDP New System statistical package for Microsoft Windows (Version 1.0; BMDP Statistical Software, Los Angeles, CA). This paper is dedicated to the memory of Dr. Y.-S. Cho-Chung. We acknowledge the excellent technical assistance of Gaetano Borriello. This study was supported by grants from the Associazione Italiana per la Ricerca sul Cancro, the Ministry of Health, and the Regione Campania.
